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INTRODUCTION
Duchenne muscular dystrophy (DMD) is a severe, progressive, X-linked muscle disease of childhood caused by mutations in the DMD gene that lead to loss of expression of the dystrophin protein (1, 2) . Diagnosis of DMD typically occurs shortly after children begin to ambulate, with loss of ambulation occurring in the early teenage years and death typically ensuing in the third decade of life due to respiratory insufficiency and/or cardiomyopathy(3).
Becker Muscular Dystrophy (BMD) is also caused by mutations in the DMD gene, but muscle cells in BMD patients are able to express mutated partially functional dystrophin protein that allows for a generally less severe clinical phenotype (4) . Loss of dystrophin expression increases the frailty of muscle membranes, thereby leading to membrane rupture and loss of calcium homeostasis that ultimately causes muscle wasting (5) (6) (7) (8) . Such membrane frailty in DMD results, in part, from the failure of dystrophin protein to properly anchor components of the dystrophin-associated glycoprotein (DAG) complex in the sarcolemmal membrane, which in turn weakens connections between the extracellular matrix, the muscle membrane, and the intracellular F-actin cytoskeleton(9-13).
The classic serum biomarker for DMD is increased enzyme activity of creatine kinase (CK), a muscle protein that is released into the serum as the result of membrane perforation (14) .
Elevation of serum CK activity is evident in DMD patients even at birth, and serum CK levels are typically ten to one hundred-fold higher than those found in normal subjects (15, 16) . Serum CK activity, however, can also be elevated by exercise in non-dystrophic subjects and by a variety of other muscle insults, such as viral infections. As such, elevated serum CK activity is not a specific marker for DMD and elevations can be highly variable even within individual DMD subjects (17, 18) . Similarly, increased levels of serum cardiac troponin can be found in DMD patients, who develop dilated cardiomyopathy, but this again can be found in a variety of other cardiac events not specific to DMD (19) .
Because of the need to identify markers of global DMD disease that would not require a muscle biopsy, a number of proteomics studies have been initiated to identify further serum markers that change in DMD. While certainly not an exhaustive list, additional protein markers identified as elevated in DMD serum include fibronectin (20) , titin (21) , myomesin 3(21), filamin C(21), actin (21) , phosphoglycerate mutase 2 (21) , myoglobin (21, 22) , fibrinogen (21, 22) , matrix metalloproteinase 9(23), tissue inhibitor of matrix metalloproteinase 1(23), osteopontin (24) and follistatin (25) . In addition, some urine proteins, including titin (26) , and several serum microRNAs, including miR-1 (27, 28) , miR-133 (27, 28) and miR-206 (27, 28) , are elevated in DMD.
This list suggests that a myriad of molecular changes can arise as muscle damage occurs in DMD patients. Some of these markers are further suggested to have altered expression as muscle pathology and clinical findings progress (17) . What is notable about this list, as yet, is that none of the proteins are known to directly interact with dystrophin within the DAG complex, which is why we have undertaken the current study to assay a component of the DAG complex in DMD patient serum. α dystroglycan can be cleaved in muscle cells to generate a secreted N-terminal fragment, αDG-N, that Matsumura and colleagues first showed can be expressed in human serum as a glycosylated protein (29) . αDG-N is normally cleaved by furin in the Golgi apparatus as dystroglycan is being secreted to the cell surface, and αDG-N is removed from α dystroglycan in skeletal muscle (12, 30, 31) . Thus, αDG-N is released by muscle, but is also likely released by non-muscle cells where dystroglycan is also normally expressed. Because dystroglycan protein is expressed in many tissues, serum αDG-N likely reflects a collection of cleaved dystroglycan proteins emanating from various tissues throughout the body, however, skeletal muscle comprises a significant fraction of this tissue. In addition to serum, αDG-N has also been identified in the cerebrospinal fluid, lachrymal fluid and urine fluid (32, 33) . αDG-N expression in the cerebrospinal fluid is elevated in patients with Lyme neuroborrelosis, suggesting that αDG-N expression may be altered in certain disease states (32) , an idea proposed by Brancaccio and colleagues for the muscular dystrophies(34). Here we have developed a serum ELISA to assess the relative expression of serum αDG-N in patients with DMD relative to patients with BMD, IBM, which is a myopathy where DAG complex expression is not typically altered, or relative to otherwise normal controls. We find that DMD patients have reduced serum αDG-N expression suggestive of altered stability or expression of the DAG complex in DMD that might be exploited with future development to aid in DMD diagnosis or in the assessment of certain DMD therapies.
RESULTS

Development of an αDG-N ELISA assay
We compared three approaches to assaying serum αDG-N expression using an ELISA assay (Fig. 1) . In the first approach, we immobilized serum at high dilutions or immobilized purified αDG-N directly onto the ELISA plate and then probed amounts of αDG-N using 2A3, a mouse monoclonal antibody specific to this region of the protein (29) . 2A3 binding was then indirectly visualized by binding of an anti-mouse IgG2a coupled to horseradish peroxidase (HRP), followed by a standard HRP color enzyme reaction and reading of absorbance at 450nm (OD450) in an ELISA plate reader. In the second and third assays, we tried an indirect competition ELISA assay and a sandwich ELISA assay to measure αDG-N levels in serum that was added to an ELISA plate immobilized with 2A3. For the indirect ELISA, we combined a constant amount of biotinylated αDG-N with differing amounts of unlabeled αDG-N or serum and assessed loss of signal resulting from increased competitive binding of unlabeled αDG-N.
After washing, streptavidin-HRP was added to develop the signal using standard color development for HRP enzyme activity. For the sandwich method, we again first immobilized 2A3 on the ELISA plate. Purified αDG-N or serum was then added, washed, and αDG-N binding visualized by addition of biotinylated 3B4, a second αDG-N antibody, followed by streptavidin-HRP and development as before. This sandwich assay is almost identical to that used in a study recently published assay by Nie and colleagues to measure αDG-N in human uterine fluid (35) .
In Fig. 1 , we show examples of standard curves for each type of assay using purified, recombinant αDG-N protein. When αDG-N was immobilized on the ELISA plate in different amounts, we found that 2A3 binding could be correlated with different amounts of immobilized αDG-N (Fig. 1A) . For this serum-immobilized assay, the upper limit of quantification (ULOQ) was 5ng and the lower limit of quantification (LLOQ) was 0.16ng. Similarly, for the indirect ELISA, we could show a correlation between loss of signal using increasing amounts of nonbiotinylated αDG-N in a range from 2ng to 15ng (Fig. 1B) . Surprisingly, we found no correlation in antibody binding from the sandwich ELISA assay using recombinant αDG-N (Fig.   1C ). We did, however, find a correlation when a partial αDG-N protein fragment linked to glutathione-S-transferase (αDG-GST) was used (Fig. 1C) . This was the protein previously described by Nie and colleagues in their αDG-N sandwich ELISA assay (35) . αDG-GST has only amino acids 31-141 of the expected αDG-N sequence, which begins at amino acid 30 after the signal peptide and ends at amino acid 312 (31) . In addition, this shorter αDG-GST protein was made in E. coli and so would not be glycosylated. By contrast, the recombinant αDG-N protein we had made in transfected HEK293 cells corresponded to the entire amino acid protein sequence expected for the furin-cleaved αDG-N fragment and was glycosylated, as has been previously reported by Matsumura and colleagues (29) . We found we could generate a standard curve using the ELISA assay with 2A3 (Fig. 1D ) or biotinylated 3B4 (Fig. 1E ) antibody using recombinant, full-length αDG-N, but in both instances, pre-incubation with the other antibody in solution eliminated all such binding ( Fig. 1D and E) . This suggests that the binding site for these antibodies on native αDG-N are incompatible with use in a sandwich ELISA, as both antibodies cannot both simultaneously recognize native αDG-N. As no other αDG-N antibodies were available, we did not pursue the sandwich method further.
We next compared spike-ins of known amounts of purified αDG-N protein, adding 0.5, 1.0 or 1.5ng (for serum-immobilized assay) or 1.25 or 2.5ng of αDG-N (for competition assay) from 2 normal human and 2 DMD patient sera samples to determine recovery precision of added αDG-N. For the serum-immobilized assay, we measured a 56±4% recovery yield of αDG-N from normal human serum and a 55±7% recovery yield of αDG-N from DMD serum, and this yield was roughly equivalent at all added αDG-N amounts. In addition, these yields were not significantly different between normal human and DMD serum. For the competition ELISA assay, we measured a cumulative recovery yield of 189±37% for αDG-N from normal human serum and a recovery yield of 88±11% for αDG-N from DMD serum. These yields were in fact significantly different (p=0.03). In other experiments, the degree of yield changes between DMD and normal was sometimes even more pronounced if serum amounts added reached the lower OD450 signal levels on the standard curve (not shown). Because the yield of spiked signal was beyond the expected signal for normal serum for the competition ELISA, and because DMD and normal sera also showed significantly different responses, we did not pursue this assay further. We therefore proceeded to investigate differential αDG-N levels using the serum immobilization assay.
αDG-N is decreased in the serum of patients with DMD
We performed serum-immobilized ELISAs to measure αDG-N levels in human serum from patients with Duchenne Muscular Dystrophy (DMD), Becker Muscular Dystrophy (BMD), otherwise normal patient controls, and a myopathy unrelated to the DAG complex, Inclusion Body Myositis (IBM) (Fig 2) . A summary of relevant patient information is included in Supplemental Table 1 . This includes the fact that 8 of 9 DMD patients, 2 of 11 BMD patients, and 0 of 8 IBM patients had been treated with corticosteroids in the 3 months prior to the taking of the serum sample. There were no significant changes in comparing any disease group with regard to corticosteroid use (not shown). Serum dilutions sometimes had to be altered to maintain all signals within the linear range of the standard curve, but were generally done at or near a 1:80,000 per plate, which was the predominant dilution used for human samples.
Assuming a serum concentration of 80mg/mL protein, a 1:80,000 serum dilution would result in 100ng of serum protein being immobilized per well of a 96-well ELISA plate. We ascribe the need to change serum dilution for some experiments to the quality of immobilization on various lots of ELISA plates and to the relatively tight range of the αDG-N standard curve. In each experiment, however, all normal and patient serum samples were identically diluted. We analyzed the data in two different ways. First, we analyzed the absolute relative change in OD450 signal between serum samples ( Fig. 2A) . To do this, we reported the fold-changes in each signal relative to the average signal for all otherwise normal samples in each experiment, set to a value of 1. 3-7 replicate experiments were done per sample, each with duplicate measures per assay. We found that patients with DMD showed a significant reduction (27±3% decrease from normal, n=9) in OD450 signal for αDG-N compared to otherwise normal patients (p ≤ 0.001, n=38). BMD patients showed an intermediate level of reduction αDG-N in the serum (14±2% decrease from normal, n=11), statistically differing from both otherwise normal patients (p ≤ 0.01) and DMD patients (p ≤ 0.05). In contrast, IBM patients, who show adult-onset progressive muscle wasting without major DAG complex alterations (36) , showed an insignificant change from normal patients (4±3% decrease from normal, p= 0.99, n=8). Because DMD patients were younger than BMD patients (average age 10 versus 19, respectively), and because IBM patients were significantly older than both of these groups (average age 57), we performed linear regression adjusting for age and gender when comparing all disease groups to determine significance. In analyzing the variability of individual measures, we found that the serum-immobilized assay showed relatively robust reproducibility. Considering all samples, the overall intra-assay coefficient of variation (CV) was 3.8% and the inter-assay CV was 16.3%.
We next compared measures of αDG-N concentrations derived from the standard curves done with each serum-immobilized assay (Fig. 2B ). Because we had to occasionally use a different standard dilution for all of the samples to fit the OD450 signals within the range of the standard curve, we expected these values, which must take into account differing inter-assay dilution factors, to be more varied. While a few measures were more variable due to changed dilution factor, the serum αDG-N concentration was still significantly reduced in DMD serum compared to normal serum as well as to BMD serum ( Fig. 2B) , with the overall level of reduction of αDG-N expression ranging from 65-70% for all such comparisons. For calculations of αDG-N serum concentrations, the intra-assay CV remained low (4.5%), but because of the need to use different dilution factors for certain experiments to maintain linearity of all samples on the standard curve, the inter-assay CV was poor (73%).
We also validated changed expression of αDG-N in DMD via Western blot (Fig. 3 ).
While more qualitative than an ELISA, levels of αDG-N were decreased in serum from patients with DMD as compared to age-matched otherwise normal male patients (Fig. 3A) . Immunoblots for fetuin, an abundant serum protein whose expression should not be altered in DMD, were used as a control for serum protein loading and transfer. The 2A3 antibody recognized several protein bands in human serum migrating between the 39kDa and 51kDa molecular weight markers.
Because loading of even 1 L of serum, as was done here, leads to warping of protein bands due to the large amounts of protein loaded, we could not discern the exact molecular weights of these species; however, these species did migrate in the same range as was found for 2A3 immunoblots of purified recombinant αDG-N purified from secreted HEK293 cells. We found that subjecting purified recombinant αDG-N isolated from secreted HEK293 cells to enzymatic deglycosylation (of both N-and O-linked proteins) reduced the molecular weight of the 2A3-blotted protein from about 45kDa to 39kDa, such that it now equaled the molecular weight recognized by 2A3 in HEK293 cell lysate (Fig. 3B) . A similar effect was found when normal and DMD serum were deglycosylated, and serum fetuin also showed reduced molecular weight after this treatment (Fig 3B) . 37-45kDa is roughly molecular weight of αDG-N protein species previously published for αDG-N protein in human serum and/or cerebrospinal fluid, with about a 37kDa protein identified after protein deglycosylation, much as was seen here (29, 32, 33) .
Serum levels of αDG-N do not differ significantly based on age or gender
Despite the fact that our linear regression analysis of human serum αDG-N ELISAs took age and gender into account, we also plotted relative serum levels of αDG-N versus age for all normal patient samples and found that expression within this group did not significantly change with increasing age (r 2 =0.009) (Supplemental Figure 1A) . αDG-N serum levels also did not change with increasing age in BMD (r 2 =0.147) or DMD (r 2 <0.001) samples (Supplemental Figure 1B and 1C, respectively). Additionally, αDG-N serum expression was not changed when otherwise normal patients were grouped by gender (females were 105±3% of males, p=0.2) (Supplemental Figure 1D ). These data suggest that serum αDG-N expression is a marker of DMD disease that is independent of age or gender.
Utrn -/-mdx mice, but not mdx mice, show decreased expression of serum αDG-N compared to normal mice
We next sought to replicate these findings in the mdx mouse model of DMD (Fig. 4) .
The mdx mouse, like DMD patients, lacks dystrophin protein expression in muscle cells (37) .
Surprisingly, we found no significant difference in αDG-N ELISA signal between wild type (WT) and mdx serum (p=0.66, n=10 for mdx and 11 for WT, Fig. 4A ). Because mdx mice show far less overall muscle pathology than DMD patients and also have upregulation of utrophin protein (made by the Utrn gene), a dystrophin paralog known to compensate for the loss of 
DISCUSSION
We have developed an ELISA assay that utilizes immobilized diluted serum to measure levels of a normally cleaved N-terminal fragment of α dystroglycan, αDG-N. In doing so, we have found that αDG-N expression in serum from patients with DMD is significantly reduced relative to serum from otherwise normal patients and to serum from BMD patients. These findings were independent of age, suggesting that αDG-N reduction in DMD is more of a fixed marker of disease than a reflection of some ongoing disease process. There are a number of mechanisms that could give rise to the changed expression of the αDG-N protein fragment in DMD serum ( While it is certainly possible that αDG-N expression in the serum reflects reduced dystrophin expression or reduced dystroglycan protein expression, both of which occur in DMD(1, 2, 43), the fact that the same findings could not be replicated in mdx mice, but were replicated in utrophin-deficient mdx mice, makes such a conclusion problematic. While certainly some differences in serum αDG-N expression could reflect human-mouse muscle differences, there is no doubt that most mdx muscles fail to express dystrophin(1, 37), making it unlikely that serum αDG-N directly reflects dystrophin expression in skeletal muscle. While this reduction was observed in Utrn -/-mdx mice, it is also unclear how this might be explained by human-mouse differences. One explanation might be that utrophin is better at stabilizing dystroglycan expression in mouse muscle than it is in human muscle, but there is little evidence to support this possibility.
If changed serum αDG-N expression were to indeed reflect altered dystrophin expression in DMD and BMD patients, then it could be exploited as a global marker of dystrophin protein recovery in therapies aimed at reintroducing a partially functional dystrophin protein to DMD patients. Such therapies include antisense-and morpholino-based exon skipping strategies, such as drisapersen (44, 45) and eteplirsen (46, 47) , and also missense read-through therapies such as ataluren (48) . All of these types of therapies are plagued by the difficulty that analysis of dystrophin expression in single muscle biopsy does not typically reflect changed dystrophin protein expression in muscles throughout the entire body plan, which is the biomarker needed to best reflect overall drug efficacy (49) . While additional work will be required to understand if such a finding can be exploited, it is possible that serum αDG-N, as a marker of muscle dystroglycan stability or expression, may be reduced in DMD patient serum because dystrophin is absent. The fact that BMD and DMD serum αDG-N signals differed from one another also suggests that this may be possible. Unfortunately, the level of decline in αDG-N serum signal in DMD vs. normal, while highly significant, is only 27% of total OD450 signal. While the calculated concentration difference is greater, this is a less robust measure due to the non-linear nature of the standard curves and issues with serum dilution. The lack of a greater overall change in αDG-N signal is likely is the result of the fact that dystroglycan is present in many tissues, for example skin, where dystrophin is not present and where dystroglycan can be stabilized by other dystrophin-like proteins such as plectin 1 (50, 51) . Thus, there is likely a dystrophin-independent signal emanating from non-muscle tissues that contributes a significant fraction of serum αDG-N expression. Further work will be required to understand these and other issues that may affect changes in serum αDG-N expression, and whether there may be a unique muscle-specific modification of αDG-N that could be utilized to eliminate non-muscle background signal.
While the data presented here provide for a proof of concept that αDG-N expression is changed in the serum of DMD patients relative to otherwise normal patients, our results will benefit from the analysis of additional cohorts, and the assay we have used would need to be further optimized in order to exploit this measure for large-scale quantitative studies. Because we utilized an ELISA where serum was diluted and directly immobilized on the ELISA plate, we found that the serum dilution factor sometimes had to be altered between experiments in order for all signals to be below the saturation range of the standard curve. Although the serum samples within each plate were always diluted to the same degree, this increased inter-assay CV.
Another recent study found that use of a second αDG-N monoclonal antibody, 3B4, in addition to the 2A3 antibody used here, allowed for development of a sandwich ELISA to measure αDG-N levels in solution in human uterine fluid (35) . That assay used a non-native and smaller fragment of αDG-N protein to generate a standard curve, and we show here that use of native length and glycosylated αDG-N does not allow for such a sandwich assay using these antibodies;
pre-incubation of the native full-length αDG-N with either 2A3 or 3B4 did not allow for recognition of αDG-N by the other antibody. It may be that the shorter protein fragment used previously oligomerized in such a way that more than one identical epitope was available for binding. If so, use of native αDG-N does not appear to allow for this to occur. Were a panel of monoclonal antibodies to be identified that could be mapped to specific protein domains of αDG-N and shown to recognize non-overlapping protein elements, a sandwich ELISA could be developed, and such an assay might obviate the need for immobilizing serum on the plate.
Generation of such antibodies would be very helpful for improving this assay, allowing for a more standardized measurement of αDG-N in the serum. anti-FLAG (M2) affinity chromatography as previously described (52) .
MATERIALS and METHODS
αDG-N Protein Production and Purification
Protein Biotinylation
Purified, recombinant αDG-N and 3B4, a monoclonal antibody to αDG-N (Creative Diagnostics; Shirley, NY) were biotinylated using EZ-Link™Sulfo-NHS-Biotin (Thermo Scientific; Waltham, MA). The labeled proteins were subsequently desalted using Zeba™ Desalt Spin Columns (Thermo Scientific) and protein concentrations measured using a modified Bradford assay, as before (53) .
Serum αDG-N ELISA Assays
Human serum was obtained from subjects identified within the neuromuscular clinic at Nationwide Children's Hospital under an Institutional Review Board approved protocol (IRB13-00190). Clinical classification of DMD versus BMD was made based upon the concept of "best clinical diagnosis", using an expert clinical diagnosis that combines available information regarding clinical presentation features, family history, and (when available) protein expression.
As described elsewhere, this approach takes into account but is not solely based upon mutation class or predicted reading frame (54) . and compared to the averaged OD450 for normal serum on each plate, yielding a fold-change from normal average for each sample that was independent of signal variability between experiments. In addition, concentrations for all samples were calculated in reference to an immobilized αDG-N standard curve generated for each plate.
For the competition ELISA, 25ng per well of 2A3 was immobilized on 96-well precoated microtiter plates overnight in 50 mM sodium bicarbonate buffer, pH 9.4. Subsequently, plates were blocked with 1% BSA in TBST, washed, and incubated with a standard curve of purified αDG-N that was premixed with biotinylated αDG-N at an empirically determined saturating concentration (5ng/well). Serum was diluted 1:100 and added in the presence of 5ng/well biotinylated αDG-N, sometimes with 1.5ng or 2.5ng of non-biotinylated αDG-N added as a spike-in. Wells were then washed and incubated with streptavidin-HRP (Jackson ImmunoResearch) at a dilution of 1:1000 in blocking buffer, washed, and developed in a manner identical to the serum-immobilized ELISA assay above. Wells coated with 2A3, but where no αDG-N or serum was added, followed by developed as above, were used as controls for background signal and subtracted from sample values. Background signals for the competition ELISA were generally higher than for the immobilized αDG-N ELISA, ranging between 26%
and 41% of total positive (αDG-N) signal.
The sandwich ELISA was done in a manner almost identical to that previously described to measure αDG-N in human uterine fluid (35) . Here, 50 ng of 2A3 per well was immobilized on 96-well pre-coated microtiter plates overnight in 50 mM sodium bicarbonate buffer, pH 9.4. Subsequently, plates were blocked with 1% BSA in TBST, washed, and incubated with differing amounts of either purified full-length, native, αDG-N, purified as To determine whether 2A3 and 3B4 competed for binding to αDG-N, ELISA plates were coated overnight with 25ng per well of either 2A3 or 3B4 diluted in 50mM sodium bicarbonate buffer, pH 9.4. Wells were blocked in 1% BSA in TBST. Next, recombinant αDG-N was added in differing amounts ranging from 1pg to 10ng. For the 5ng incubation amount, some samples were first mixed with 1ug/ml of 3B4 (for 2A3-coated plates) or 2A3 (for 3B4-coated plates). Plates were washed and incubated with streptavidin-HRP (Jackson ImmunoResearch) at a dilution of 1:1000 in blocking buffer, washed again and developed as described above.
CV values were determined by the ratio of the standard deviation to the mean for replicates on the same plate (for intra-assay CV) or for the same samples on different plates (for inter-assay CV). Recovery precision values were determined by first subtracting the unspiked result from the spiked result to ascertain the actual spike recovery, which was then compared to the expected spike recovery to determine the recovery yield. Upper limit of quantification (ULOQ) and lower limit of quantification (LLOQ) were determined by the highest and lowest values respectively with a curve backfit of 80-120% and an inter-assay CV of <30%.
Western Blots
Total serum proteins from each sample were diluted (by identical amounts) in SDS denaturing buffer and separated on 4-12% gradient SDS-PAGE gels and then transferred to secondary antibody (Jackson ImmunoResearch, Seattle, WA), washed again, and developed using an ECL developing kit (Amersham, Piscataway, NJ), much as previously described (55) .
To remove glycans, recombinant αDG-N purified from transfected HEK293 cell lysate or supernatant, or whole human serum samples, were enzymatically deglycosylated using a protein deglycosylation mix (P6039S, New England Biolabs; Ipswich, MA) to remove both N-and Olinked glycans. Deglycosylated or untreated proteins were then compared by Western blot using 2A3 to probe for αDG-N or an anti-fetuin antibody as above.
Statistics
For analysis of human samples using the serum-immobilized ELISA assay, linear regression with post-hoc Tukey's pairwise comparison was used to assess significance, adjusting for age and gender. For comparison of mouse serum samples using the serum-immobilized ELISA, significance was determined by ANOVA with post-hoc Tukey's pairwise comparison. R square values were determined by linear regression or non-linear regression where appropriate.
Statistics were analyzed using GraphPad Prism Version 6.03 (GraphPad Software Inc., La Jolla, CA), save human data, which was analyzed by the Biostatistics Core at Nationwide Children's Hospital.
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